In this contribution the electromechanical effects in II-VI group semiconductor finite length embedded nanowires (NWs) are analysed with fully coupled models of electroelasticity. First, strain distributions are obtained using analytical expressions derived from the Eshelby formulation with an assumption of isotropy. These results are then compared with general three-dimensional model based calculations, accounting for anisotropy and piezoelectricity. Next, as representatives of group II-VI NW systems we take zincblende CdTe/ZnTe and wurtzite CdSe/CdS crystal structured materials. The detailed analysis of strain relaxation along with electromechanical distributions are presented for common cross-sectional shapes of NWs such as triangular, square and crescent. Comparative results for both models, analytic and numerical, are presented and their applicability is discussed. The effects of the finite length of the NWs on electromechanical distributions are also discussed.
Introduction
Wide band-gap semiconductor nanostructures have attracted much attention due to their current and potential applications in electronics and optoelectronics. III-V semiconductor nanostructures, in particular GaN-and GaAs-based nanostructures, are the leading materials in many nanotechnological areas [1] [2] [3] . However, there are certain limitations, such as large internal piezoelectric field and spontaneous polarization observed in these materials, requiring higher carrier densities to generate optical gain [4] . To overcome such difficulties, II-VI semiconductor nanostructures provide a viable alternative, in particular CdTe-and ZnSe-based nanostructures [5] . Apart from this, II-VI semiconductor nanostructures are prospective candidates for many electronic and optoelectronic applications including light emitters [6] [7] [8] , elements of solar cells [9] , transparent conductive layers or buffer thin films [10] and CdTe, CdSe and CdS nanowires (NWs) based infra-red detection [11, 12] .
Advances in growth technologies now make it possible to grow high quality nanostructures [13] [14] [15] . As these nanostructures are often formed through heteroepitaxy, they exhibit lattice mismatched strain [16, 17] , strain-induced piezoelectric, spontaneous polarization [18] , coupled thermopiezoelectromechanical [19] and nonlinear electromechanical effects [20] . Apart from this, nanoscale size effects also lead to piezoelectricity in non-piezoelectric materials [21] . Several studies [8, 16, 22, 23] show that the electromechanical effects play a key role in engineering electronic and optoelectronic properties of NW and other low dimensional semiconductor nanostructures. In particular, these effects are important in the transitions of type-I to type-II semiconductor heterostructures [7] , rigid shifts in band edges and modifications of valance band structures [16, 22] , as well as in unsymmetric wavefunctions in crescent NWs [23] . Most of these studies are focused mainly on III-V group semiconductor nanostructures [2, 4, 22, 24, 25] , whereas relatively less work has been done in this context on II-VI group semiconductor nanostructures [8] . Also, experimental observations of dimensional effects on the electronic structure of CdTe NWs have recently been reported [26] . All this indicates that a systematic study providing details of strain relaxation, strain-induced piezoelectric and spontaneous polarization effects in finite II-VI nanostructures is becoming increasingly important.
As a first approximation from the field of continuum mechanics, the well-known Eshelby inclusion method has been applied to study the induced strain/electric fields in low dimensional nanostructures and in particular to NW [16, 17, 22, 25, [27] [28] [29] . The advantage of the Eshelby inclusion method is its simplicity as the induced electromechanical fields can be found analytically. However, the resulting analytical representation leads to well-known difficulties pronounced in the appearance of singularities, in particular, for line segments, at the vertices and for circular arcs, at the centre of the corresponding circle [17] . Apart from this, although the lattice misfit between NW and matrix can be accounted for, the Eshelby inclusion method assumes isotropy of the NW system [16, 17, 22, 25, [27] [28] [29] . Under these conditions, the semi-coupled formulation based on strain calculated from the Eshelby inclusion method and the Poisson equation for electrostatics allows us to calculate strain-induced electric fields. However, the semi-coupled formulation for piezoelectricity was found to be inaccurate as compared with the fully coupled formulation [18] and it is known that the assumption of isotropy may lead to more than 10% error in strain calculations [30] . Therefore, in order to enhance electronic/optoelectronic performance, a systematic study of electromechanical effects in II-VI NWs with fully coupled models is required. This is particularly true for practical situations involving finite length NWs.
Noting that bandstructure calculations of NWs have been carried out in a series of publications [31] [32] [33] [34] [35] , in this paper we focus on the electromechanical effects in the II-VI group embedded finite length NWs. II-VI semiconductor materials are generally crystallized in either the cubic zincblende (ZB) phase or the wurtzite (WZ) phase, but, for each material, one or the other of these phases is thermodynamically more stable at room temperature. Hence, we consider CdTe/ZnTe (ZB) and CdSe/CdS (WZ) NW systems, as representative examples of II-VI group semiconductors. We focus on electromechanical fields in NWs of basic cross-sectional shapes such as triangular, square and crescent, like [14, 15] , and we refer to them from hereon as triangular, square and crescent-shaped NWs. First, we obtain strain distributions using the Eshelby inclusion method and then compare them with our results obtained with a more general three-dimensional (3D) model accounting for anisotropy and piezoelectricity. We provide details on electromechanical effect contributions in WZ and ZB NWs and analyse the importance of the application of a general 3D model. The effects of the finite length of the NWs on electromechanical distributions are also discussed.
Theoretical formulations
In what follows, we briefly highlight the main features of inclusion theory, followed by a detailed description of a fully coupled 3D multi-physics model and corresponding constitutive relations for ZB and WZ crystals.
Inclusion method
First, we assume that the NWs are buried in an infinite medium so that the effect of free surfaces is neglected [28] . The NW and host matrix materials are assumed to be continuous, linear, isotropic and to obey Hooke's laws. In this simplified case the stress components at position (x, y) are determined by evaluating the contour integral [27, 36] :
where the contour integration is performed around the boundary of the NW in the counter-clockwise sense and (x 0 , y 0 ) are points on the boundary. The vectors A ij are chosen so that ∇ × A yields the cylindrical Green's function components [27] . In this case, the analytical expressions for straight lines and circular arcs can be derived (see [28] for detailed expressions). The strain components can be obtained using Hooke's laws.
3D electromechanical model
We formulate a mathematical model, based on coupled multi-physics governing equations in order to study the electromechanical effects in NWs. Although in some special cases the model can be reduced to a 2D representation, piezoelectric coupling, which appears through shear components in ZB crystals [18] , is required to solve this problem using the full 3D model. The problem is governed by a coupled system of equilibrium equations of elasticity and electrostatics. The 3D linear fundamental equations for the electromechanical structure occupying volume , under steady state conditions, can be summarized as follows: mechanical equilibrium equation,
the equation of electrostatics,
where σ is the stress tensor, D is the electric displacement vector, f and q are body mechanical force and electric charge in , respectively. The following are the gradient equations that correspond to the relationships between the linear strain-mechanical displacements and the electric fieldelectric potential. They are stated, respectively, as
where ε kl , E k , u and V are the components of the strain tensor, electric field vector, mechanical displacement vector and electric potential, respectively. Coupling between equations (2) and (3) 
To take into account the lattice mismatch, the strain tensor components in equation (4) take the following form:
with ε * a = (a m − a w )/a w and ε * c = (c m − c w )/c w inside the NW and zero otherwise. Quantities a m , c m and a w , c w are the lattice constants of the matrix and the wire, respectively, while quantities ε * a and ε * c are the local intrinsic strains (lattice mismatch) along the a and c directions, respectively. The directions a and c correspond to the shorter and longer dimensions of the unit cell of the wurtzite crystal, respectively. In the case of ZB crystal, a = c.
The hydrostatic strain component is given by
The hydrostatic strain component is particularly important due to the fact that it provides information about rigid shift in energy subbands [17, 22] . In the plane stress case, by applying a 2D analytical method, it can be defined as
The per cent misfit strain in the case of the CdTe/ZnTe system is ε * a = ε * c = (a m − a w )/a w × 100% = −5.89% and for CdSe/CdS, it is ε * a = (a m − a w )/a w × 100% = −3.99 % and ε * c = (c m − c w )/c w × 100% = −3.87% , along a and c directions, respectively. We assume that the WZ NWs are oriented such that the c-direction of the crystal is along the z-axis. The electromechanical parameters used in the calculations are given in table 1.
Results and discussion
First, we obtain strain fields for triangular, square and crescent CdTe/ZnTe and CdSe/CdS NWs using a conventional 2D analytical method. Next, electromechanical distributions are obtained using our general 3D model for the same NWs with the same material systems and shapes by accounting for anisotropy and piezoelectricity. We assume that the CdTe and CdSe NWs are embedded in ZnTe and CdS matrices, respectively. The dimensions in the x and y directions of the respective shaped NWs are kept the same for both methods of calculations, the 2D analytical and the general 3D model. The cross-sectional dimensions for NWs of different shapes are as follows: (a) for the triangular NWs, base of 10 nm and height of 10 nm, (b) for the square NWs, sides of 10 nm and (c) crescent NWs are 4 nm thick (in the y-direction) at the centre while ∼1 nm thick at the ends (in the x-direction), two ends are 8 nm apart (in the x-direction). The lengths for 3D calculations for all NWs are taken to be 40 nm (in the z-direction). In order to study length effects, we vary the length of the square NWs a) and (b) ). Analytical results show that qualitatively strain distributions are similar for both NWs. These observations agree well with the previous results reported in the literature [17, 27] . In contrast to this, in the CdTe/ZnTe NWs, strain distributions obtained by the 2D analytical methodology are different from the results obtained with the general 3D model (compare figures 1(a) and (c)). However, they are very similar in the case of CdSe/CdS NWs. Both methodologies lead to qualitatively similar strain distributions in WZ NWs and slightly different distributions in the case of ZB NWs. We observe similar behaviour for other shapes of the NWs. Figure 2 shows the electric potential for the square (figures 2(a) and (b)) and electric potential for the crescent shaped (figures 2(c) and (d)) NWs made of CdTe/ZnTe and CdSe/CdS, respectively. As a result of the WZ crystal structure of the CdSe/CdS NW system, orders of magnitude higher electric potentials are observed as compared with the CdTe/ZnTe NWs. However, the actual values are still much smaller compared with typical GaN-based nanostructures [4] . There is a notable qualitative difference in the electric field and potential distributions in these two materials. In the case of ZB CdTe/ZnTe, higher values of electric field and potential are observed at corners whereas in WZ CdSe/CdS they are observed at the interface centres of the NWs. This can be explained by the fact that CdSe/CdS has hexagonal symmetry which is a better approximation to the cylindrical symmetry compared with the cubic symmetry of CdTe/ZnTe. Similar features to those observed in triangular and square NWs are also observed in crescent NWs for their respective materials. In general, strain fields inside the NWs are much higher compared with the values of strain in the substrates [25] . The qualitative features, such as different strain distributions in WZ and ZB materials and a preferred region of electric potential observed with the general 3D model, cannot be explained with the conventional 2D analytical model. Figure 3 shows the principal strain components ( figure 3(a) ), the hydrostatic strain component, ε vol ( figure 3(b) ) along the central line and the electric potential ( figure 3(c) ) along the top-right corner line for the triangular, square and crescent CdTe/ZnTe NWs. We plot electric potential at the corners of NWs as they are concentrated along the corners of the NWs ( figure 3(c) ).
For the crescent NW, we present an additional plot along the line in the z-direction at (x, y) = (13.5 nm, 11 nm) for the electric potential and electric field as they have the highest magnitudes at that point. The magnitudes of the x-component (y-component) of strain tensor decreases (increases) with an increase in the number of sides required to form the NW geometry. In particular, at the centre of the NW it takes values of ∼−4.4%(∼−4.3%), ∼−3.2%(∼−3.2%) and ∼−1.4%(∼−6.4%) in triangular, square and crescent shaped NWs, respectively. The square NWs have similar values of the x and y-components of the strain tensor as a result of similar contributions from all the directions [17] . As a result of higher values of the initial misfit strain, both the x and y-components of the strain tensor have higher negative values, i.e. the NW is compressively strained in both directions. The z-component of strain tensor, away from the interfaces (inside and outside NWs), in all the NWs is zero. At the interfaces, i.e. at z = 10 and 50 nm, the magnitudes of all principal components are much smaller compared with the values at the centre of the NWs. However, near the interfaces it takes a magnitude of ∼6%, positive outside and negative inside the NWs. The zcomponents have very high values of the order of ∼5.8% for all shaped NWs.
The hydrostatic components inside the NWs are negative as a result of the compressively strained system ( figure 3(b) ). The values are ∼0.085, ∼−0.061 and ∼−0.078 for triangular, square and crescent-shaped NWs, respectively. At the interfaces it takes positive values ∼0.021, ∼0.03 and ∼0.025, reaching zero while moving sufficiently away from the NW. It should be noted that according to the inclusion based models, the hydrostatic component is constant for the material system and is independent of the geometry and dimensions [17, [27] [28] [29] , for e.g. in the plane strain case, ε vol = 2ε *
a (1−2ν)/(1−ν)).
For the CdTe/ZnTe NW system, its value is −0.0366. The differences in its values are about 0.048, 0.025 and 0.041 in triangular, square and crescent, respectively, which is very significant. However, at the interfaces, the differences in the hydrostatic strain components are relatively small, 0.016, 0.006 and 0.011 in triangular, square and crescent NWs, respectively. The hydrostatic strain component is a very important characteristic of the nanostructure systems, as it governs the rigid shift of the energy bands in bandstructures of the respective nanosystems [22] . Therefore proper care should be taken, accounting for this strain component in bandstructure calculations of the strained nanostructures. Strain components have the least magnitudes in squareshaped NWs, i.e. it is the most relaxed CdTe/ZnTe NW geometry among those studied in this contribution. Since piezoelectricity provides an additional degree of freedom for strain accommodation, the electric potential ( figure 3(c) ) has highest values in the square NW. The maximum and minimum values of electric potential observed in the triangular, square and crescent NWs are ∼±8.0 mV, ∼±21.0 mV and ∼±6.5 mV (∼±7.5 mV), respectively. The bracketed value of electric potential is along the line where we observe the highest values of electric quantities, i.e. at (x, y) = (13.5 nm, 11 nm), in the lateral valleys of the crescent-shaped NW. This observation and preference of corners for accumulating electric quantities suggest that the usual practice of neglecting these lateral valleys [17, 28] is not an adequate approximation for studying electromechanical effects in ZB NWs. Figure 4 shows the principle strain components ( figure 4(a) ), the hydrostatic strain component, ε vol ( figure 4(b) ) and the electric potential ( figure 4(c) ), along the central line, for the triangular, square and crescent CdSe/CdS NWs. Unlike CdTe/ZnTe NWs, the electric potential is concentrated at the centre of the NWs (figures 4(b) and (d)). The magnitudes of the x-component (y-component) of the strain tensor show similar trends to those in CdTe/ZnTe with respect to the geometry of the NWs. However, unlike CdTe/ZnTe NWs, the z-component of the strain tensor is nonzero in all the CdSe/CdS NWs due to an additional mismatch in the z-direction for the WZ crystal. The hydrostatic components inside the NWs are negative and dependent on the geometry of the NW system. The value of hydrostatic strain components is the highest in crescent NW, ∼−0.074%, and the lowest in the square NW, ∼−0.057%, whereas it is ∼−0.067% in the triangular NW. According to the inclusion based models it is constant for all geometries, 0.033, which again differs substantially from the present results. The strain tensor component has smaller magnitudes in square-shaped NWs, therefore the electric potential has higher magnitudes. The maximum and minimum values of electric potential observed in the triangular, square and crescent NWs are ∼±410 mV, ∼±520 mV and ∼±330 mV, respectively. The values of electromechanical quantities for both material NWs are given in table 2.
In order to study finite length (the z-direction) effects in NWs, we determine electromechanical quantities in CdSe/CdS and CdTe/ZnTe NWs for lengths L = 40 nm to L = 10 nm, figure 5 . Figure 5 (a) shows principal components (x and z) of the strain tensor and hydrostatic strain component, and 5(c) shows the electric potential for square (L = 40 nm to 10 nm) CdSe/CdS NWs. It is observed that the magnitude of both principal components of strain tensor increases with 
Conclusions
Coupled electromechanical effects in the finite length WZ CdSe/CdS and ZB CdTe/ZnTe NWs of the II-VI group have been studied. The application of our general 3D model demonstrated significant qualitative and quantitative differences in electromechanical distributions in WZ and ZB NWs, compared with the results obtained with frequently used simplified models. The conventional inclusion based methods fail to identify these differences. The hydrostatic strain component is observed to be dependent on the shapes and dimensions of the NWs system while the conventional inclusion based methods predict constant values. Qualitative and quantitative distributions of electromechanical quantities are observed to be significantly different in WZ and ZB NWs. In the case of ZB CdTe/ZnTe, higher values of electric field and potential are observed at corners, whereas in WZ CdSe/CdS they are observed at the interface centres of the NWs. Higher values of electrical quantities in the lateral valleys of crescent-shaped ZB NWs signify that it is not an adequate approximation to neglect such lateral valleys. The finite length of the NWs is another important characteristic that must be accounted for, since the electromechanical parameters vary significantly with the length of the NWs.
